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INTRODUCTION 

Ruthenium i s  known a s  a good hydrogenation c a t a l y s t  and has  been found t o  
have t h e  h ighes t  Fischer-Tropsch (F-T) a c t i v i t y  among Group V I 1 1  t r a n s i t i o n  
metals  i n  producing l i n e a r  hydrocarbons a t  high p res su re  and moderate temperature.  
Supported Ru, such as Ru/Si02 and Ru/A1203, has  been used t o  produce gaseous and 
l i q u i d  hydrocarbons, (1-3) bu t  such c a t a l y s t s  have been found t o  g i v e  a poor 
s e l e c t i v i t y  f o r  o l e f i n s  and t o  produce methane a s  t h e  major product a t  temperature 
higher  than 26OoC. Recent s t u d i e s  have shown t h a t  s i g n i f i c a n t  improvements i n  t h e  
c a t a l y t i c  s e l e c t i v i t y  i n  t h e  F-T s y n t h e s i s  a t  low p res su re  can be obtained by 
metal-support i n t e r a c t i o n s  ( 4 )  o r  by a l k a l i  promotion (5) of t h e  Ru. 

and t h e  s e l e c t i v i t y  f o r  both o l e f i n i c  and long chain hydrocarbons of Fe c a t a l y s t s .  
For Ru, such K promotion has been found t o  a c t i v a t e  t h e  chemisorption of d i -  
n i t rogen  and thus  inc rease  t h e  a c t i v i t y  of ammonia s y n t h e s i s  a t  low temperatures 
and pressures .  (6)  It  has  been suggested t h a t  t h i s  occurs  by e l e c t r o n  donat ion 
t o  t h e  c a t a l y t i c  metal .  Ac t iva t ion  of Ru by K promotion has  been found t o  be 
considerable  f o r  both ammonia s y n t h e s i s  and CO hydrogenation r e a c t i o n s  i f  a 
conductive support ,  such a s  g raph i t e ,  i s  used. I t  has  been i n f e r r e d  t h a t  an elec-  
t r o n  conductor may f a c i l i t a t e  t h e  t r a n s f e r  of e l e c t r o n s  from t h e  potassium t o  
t h e  ruthenium. ( 6  - 8) E a r l i e r  r e sea rch  reported t h a t  t h e  a d d i t i o n  of K t o  t h e  
Ru had no s i g n i f i c a n t  e f f e c t  i n  changing t h e  c a t a l y t i c  p r o p e r t i e s  of t h e  metal, 
e i t h e r  supported o r  non-supported. (9,lO) However, Okuhara e t  a l .  (5) have 
r e c e n t l y  found t h a t  t h e  presence of K i n  a carbonyl-derived, h igh ly  d i spe r sed  
Ru c a t a l y s t  enhanced t h e  p r e f e r e n t i a l  formation of c 2 - C ~  o l e f i n s  a t  260OC bu t  
a t  t h e  same time depressed t h e  a c t i v i t y  of t h e  r eac t ion .  

support  on the  in f luence  of K a d d i t i o n  on t h e  hydrocarbon s e l e c t i v i t y  of t h e  Ru 
metal  i n  t h e  F-T r eac t ion .  I n  t h i s  s tudy,  d i f f e r e n t  c l a s s e s  of Ru c a t a l y s t s  
w e r e  prepared using t r a d i t i o n a l  Si02 and A1203 supports ,  SMSI t i t a n i a ,  g r a p h i t e ,  
and z e o l i t e  Y supports .  

Potassium and potassium s a l t s *  have long been used t o  enhance t h e  a c t i v i t y  

This  paper r e p o r t s  t h e  r e s u l t s  of a n  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  of t h e  

EXPERIMENTAL 

The t i t a n i a  support  was from Degussa, and Si02 and NaY suppor t s  were from 
Strem Chemicals. The c a t a l y s t s  were prepared by impregnation of t h e  suppor t s  
w i th  an  aqueous s o l u t i o n  of RuC13. 3H20 o r  by ion-exchange of t h e  NaY z e o l i t e  
w i th  Ru(NH3)&13. 
technique. 
Ru/graphi te  were a l s o  obtained from Strem Chemicals. 
was made by an impregnation of K2CO3 s o l u t i o n  t o  t h e  Ru c a t a l y s t s  followed by 
drying.  

heat ing procedure t o  4OO0C i n  flowing hydrogen (50 cc/min).  
held a t  4OO0C i n  hydrogen flow f o r  a t  l e a s t  2 hours be fo re  cool ing t o  t h e  
chosen r e a c t i o n  temperature i n  t h e  range 250OC t o  325OC. 

I A l l  t h e  impregnated samples were made by t h e  i n c i p i e n t  wetness 
Ru/A1203 and These c a t a l y s t s  were d r i e d  i n  a i r  a t  4OoC f o r  50 hours .  

The a d d i t i o n  of potassium 

The s tandard pretreatment  used f o r  a l l  t h e  samples cons i s t ed  of a s t epwise  
The samples were 

* r e f e r  t o  a l l  d i f f e r e n t  forms of potassium, designated a s  K i n  t h i s  s tudy.  
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Kine t i c  s t u d i e s  w e r e  c a r r i e d  ou t  i n  two s i m i l a r  microreac tor  systems. . The 
product gas w a s  t r a n s f e r r e d  from the  r e a c t o r  t o  the  sampling va lve  of t h e  G.C. 
v i a  a heated t r a n s f e r  l i n e  and was analyzed e i t h e r  by a Hewlett-Packard 5750 o r  
by a Perkin-Elmer Sigma 115 Gas Chromatograph equipped wi th  TCD, FID, and Porapak 
Q columns. 

(H~/CO = 1 , 99.9%) which were f u r t h e r  p u r i f i e d  by pass ing  through t r a p s  t o  
remove water and meta l  carbonyl contaminants be fo re  passage  through t h e  r eac to r s .  

The s teady  state r e a c t i o n  rate w a s  measured a f t e r  c a t a l y s t  s t a b i l i z e d .  A 
Hydrogen Bracketing Technique was used i n  which the  r e a c t a n t  stream w a s  replaced 
by a pure H 2  f low a f t e r  s h o r t  r e a c t i o n  pe r iods  so  a s  t o  main ta in  a c l ean  meta l  
su r f ace .  For a l l  the  samples s tud ied ,  t h e  c a t a l y t i c  a c t i v i t i e s  were measured 
a f t e r  30 minutes of r e a c t i o n  and ca l cu la t ed  from CO conversions based on CO flow 
rates coupled wi th  carbon ba lances  on  t h e  product stream. The CO conversion was 
kept  below 5% t o  minimize t h e  e f f e c t s  of hea t  t r a n s f e r  and concent ra t ion  gra- 
d i e n t s .  Typica l  F-T r e a c t i o n  cond i t ions  w e r e  appl ied  t o  a v a r i e t y  of supported 
Ru c a t a l  sts a t  H2/CO = 1 , 1 atm pres su re ,  and a space  v e l o c i t y  G.H.S.V. of 

The r e a c t a n t  gases  used w e r e  H2(99.999%), He(99.997%), and a H z / C O  mixture 

1800 hr- Y . 
RESULTS AND DISCUSSION 

The c a t a l y s t i c  a c t i v i t i e s  and t h e  d i s t r i b u t i o n s  of hydrocarbons f o r  t h e  
va r ious  Ru c a t a l y s t s  are presented  i n  Table 1 f o r  a r e a c t i o n  temperature of 
280OC. The s p e c i f i c  rate of CO conversion f o r  t h e  unpromoted 5 w t %  Ru c a t a l y s t s  
was found t o  i n c r e a s e  i n  t h e  sequence: 
The high a c t i v i t y  of graphite-supported Ru is c o n s i s t a n t  wi th  t h e  r e s u l t  found 
i n  t h e  l i t e r a t u r e  f o r  graphite-supported Fe i n  t h e  syn thes i s  r eac t ion .  (11) 
This  behavior i s  probably due t o  t h e  f a c t  t h a t  g r a p h i t e  can enhance e l e c t r o n  
t r a n s f e r  t o  t h e  meta l .  The Ru/Ti02, although having t h e  lowest a c t i v i t y  i n  the  
series, shows high y i e l d s  of o l e f i n s  whi le  methane formation i s  g r e a t l y  reduced, 
as expected. I t  is obvious t h a t  t h e  SMSI behavior is  re spons ib l e  f o r  t h i s  
s u p e r i o r i t y  i n  o l e f i n  product ion .  

I n  each case ,  t h e  a d d i t i o n  of K s i g n i f i c a n t l y  enhanced t h e  f r a c t i o n  of o le -  
f i n i c  products (C2-C4) f o r  t h e  impregnated Ru c a t a l y s t s .  On t h e  o the r  hand, the 
r a t e  of t h e  syn thes i s  is  decreased by t h i s  add i t ion .  However, t h e  s e l e c t i v i t y  
of methane formation does not  change markedly upon K add i t ion .  

The e f l e c t  of temperature on methane and o l e f i n  f r a c t i o n s  formed over 
these  RU c a t a l y s t s  i s  shown i n  F igu res  1 and 2 , r e spec t ive ly .  Methane formation 
normally inc reases  wi th  inc reas ing  temperature of t h e  r e a c t i o n ,  s i n c e  t h e  
p o s s i b i l i t y  of hydrogenation of t h e  primary su r face  complex is expected t o  be 
g r e a t e r  a t  higher temperature.  A t r end  towards a decreas ing  f r a c t i o n  of o l e f i n s  
wi th  an  inc reas ing  tempera ture  is a l s o  to  be expected. It is  apparent (F igure  2) 
t h a t  methane formation is  not  a f f e c t e d  by t h e  a d d i t i o n  of K t o  the  Ru c a t a l y s t s  
i n  t h e  temperature range  250% t o  325OC, except f o r  Ru/A1203. On the  o the r  
hand, t h e  C2-C4 o l e f i n  f r a c t i o n  f o r  a l l  t h e  promoted c a t a l y s t s  examined was 
found t o  remain e s s e n t i a l l y  independent wi th  inc reas ing  temperature.  
v i o r  i n d i c a t e s  t h a t  t h e  presence  of potassium atoms i n  the  v i c i n i t y  of Ru crys-  
t a l l i t es  may have deac t iva t ed  some a c t i v e  Ru s i t e s  f o r  o l e f i n  hydrogenation. 

supported Ru c a t a l y s t s  w e r e  also  g r e a t l y  enhanced by K promotion (Table 1).  
The hydrocarbon d i s t r i b u t i o n  from t h e  F-T r e a c t i o n  over  these  c a t a l y s t s  can be 
f i t t e d  i n t o  t h e  Anderson-Schulz-Flory equat ion .  
ca l cu la t ed  both  from t h e  s l o p e  and from t h e  i n t e r c e p t  of t he  f i t t e d  s t r a i g h t  
l i n e  a r e  g iven  i n  Table 2 ,  des igna ted  as Ps and P i ,  r e spec t ive ly .  
t h e  add i t ion  of K has promoted cha in  growth on both SiO2- and Al203- supported 
Ru. However, i t  has no e f f e c t  on h igher  hydrocarbon formation f o r  t h e  SMSI 
Ru/Ti02 c a t a l y s t .  

Ti02 < A l 2 O 3 ,  Si02 < N a Y  < graph i t e .  

This  beha- 

The formation of l i q u i d  hydrocar,bons (C5+) over t h e  SiOz-  and A1203- 

The cha in  growth p r o b a b i l i t i e s  

Obviously, 
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Figure  1 Temperature Dependence of O l e f i n  Product ion .  

Ca ta lys t :  h RuISiO2 ; 0 Ru/A1203 ; Ru/TiO2 ; 

p K-Ru/SiOz ; @K-Ru/A1203 ; K-RufTi02 . 
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Figure  2 Temperature Dependence of CH4 Formation. 
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TABLE 2 

PROBABILITY OF CHAIN GROWTH ACCORDING TO 
ANDERSON-SCHULZ-FLORY PLOT a 

P r o b a b i l i t y  
Ca ta lys t  p i  PS 

Ru / S  i o  2 0.39 0.38 

K- Ru/SiO, 0.45 0.44 

Ru /A1203 0.41 0.42 

K- R U / A ~ ~ O ~  0.53 0.53 

Ru / T io2  0.50 0.50 

K- Ru/Ti02 0.50 0.50 

a .  Reaction a t  280°C , H z / C O  = 1, and GHSV = 1800 hr-' 

Both ion-exchanged and impregnated RuNaY c a t a l y s t s  produced predominantly 
methane. 
n i tude  f o r  t h e  impregnated RuNaY bu t  i t  had no e f f e c t  f o r  t h a t  of the-ion-exchanged 
c a t a l y s t .  Since t h e  ion-exchanged RuNaY i s  h igh ly  d i spe r sed  ( > 60% ) and wi th  
Ru predominantly i n s i d e  t h e  z e o l i t e  c r y s t a l ,  t h e  Ru, t he re fo re ,  is probably n o t  
a c c e s s i b l e  t o  t h e  impregnated potassium s a l t .  
comparing t h e  a c t i v a t i o n  energy of t h e  r e a c t i o n  f o r  both t h e  unprompted and t h e  
promoted c a t a l y s t s .  
decreased between 20 t o  50% a f t e r  K a d d i t i o n  f o r  a l l  t h e  Ru c a t a l y s t s  except 
ion-exchanged RuNaY. For ion-exchanged RuNaY, i t  remained unchanged (ca.  22 Kcal/  
gmole ) .  It has been pos tu l a t ed  t h a t  t h e  a d d i t i o n  of K decreases  t h e  a c t i v a t i o n  
energy of t h e  F-T r e a c t i o n  on Fe by causing a lowering of t h e  l o c a l  i o n i z a t i o n  
energy i n  the  v i c i n i t y  of an  adsorbed K atom. (12) 

-supported Ru c a t a l y s t s .  
p a r a f f i n s  i n  t h e  C2;Ch range while  t h e  K-Ru/graphite produced mainly o l e f i n s ,  
s u r p r i s i n g l y  82% of t h e  t o t a l  C2-C4 hydrocarbons produced was propylene. 
Previous r e sea rch  of K promotion on t h e  Ru3(CO)12/A1203 c a t a l y s t  has  ind ica t ed  that  
t h e  maximum propylene produced from t h e  F-T syn thes i s  was 42% i n  t o t a l  C2-C4 
hydrocarbons. (5) 
involved i n  t h i s  e f f e c t .  Ozaki (6) and Sage r t  and Poutesu ( 7 )  have suggested tha t  
t h e  e l e c t r o n  dens i ty  of t h e  t r a n s i t i o n  me ta l  may have increased when i t  i s  sup- 
ported on g raph i t e .  

The a d d i t i o n  of K increased t h e  o l e f i n  f r a c t i o n  by an order  of mag- 

This  can a l s o  be v e r i f i e d  by 

I t  was found t h a t  t h e  a c t i v a t i o n  energy f o r  CO conversion 

The most s i g n i f i c a n t  change i n  hydrocarbon s e l e c t i v i t y  was found on g r a p h i t e  
The unpromoted Ru/graphi te  produces e s s e n t i a l l y  only 

The f a c t  t h a t  t h e  g r a p h i t e  is an  e l e c t r o n  conductor may be 

Addit ion of K t o  t h e  Ru/graphi te  probably enhanced t h i s  e f f e c t .  

CONCLUSION 

The a d d i t i o n  of a potassium promoter can g r e a t l y  a f f e c t  t h e  c a t a l y t i c  pro- 
p e r t i e s  of Ru i n  t h e  F-T r eac t ion ,  depending on t h e  support  chosen. 
o l e f i n  formation and higher  hydrocarbon product ion f o r  t h e  t r a d i t i o n a l  A1203- and 
Si02-supported Ru. On Ru/graphi te  a t  1 atm, it p r e f e r e n t i a l l y  promotes propylene 
formation. 
i n  t h e  temperature range 25OoC t o  325OC. 
t h e  Ru c a t a l y s t s ,  t h e  o l e f i n  f r a c t i o n  of t h e  C2-C4 hydrocarbons produced becomes 
a weak func t ion  of t h e  r e a c t i o n  temperature.  
t h e  promoter-metal-support i n t e r a c t i o n s .  

I t  enhances 

Potassium enhances by about  20% t h e  o l e f i n  product ion over Ru/Ti02 
A s  a r e s u l t  of alkali  promotion of 

Fur the r  s tudy i s  needed t o  de l inea te  

155 



LITERATURE CITED 

Vannice, M.A.,  J .  Catal .  37, 449 (1975). 
King, D.L., J .  Ca ta l .  2, 386 (1978). 
Karn, F.S. ,  Shu l t z ,  J .F . ,  and Anderson, R.B. ,  Ind.  Eng. Chem., 
Prod. R e s .  Develop. 4 ,  275 (1965). 
Vannice, M.A., and Gzr ten ,  R.L., J.  Catal. 63, 255 (1980). 
Okuhara, T . ,  Kobayaski, K . ,  Kimura, T . ,  Misono, M . ,  and Yoneda, Y . ,  
J. C .  S. Chem. Comm. 1114 (1981). 
Ozaki, A . ,  Acc .  Chem. R e s . & .  16 (1981). 
Sager t ,  N .  H . ,  and Poutesu, R .  M. L., Can. J .  Chem. 2, 4031 (1973). 
Vannice, M.A., Jung, H. - J . ,  Walker, P.L., J r . ,  Moreno-Castilla, C . ,  
Mahajan, O . P . ,  paper presented  a t  t h e  A I C H E  88 th  Nat iona l  Meeting, 
Fue l s  and Pe t rochemica ls  Div is ion ,  Ph i l ade lph ia ,  June 1980. 
P i c h l e r ,  H . ,  Adv. Catal. 5, 289 (1952). 
McVicker, G . B . ,  and Vannice, M.A. ,  J .  Catal .  63, 25 (1980). 
Ino ,  T . ,  Watanabe, H. ,  Kikuchi,  E . ,  and Mor i ta ,  Y . ,  Bul le .  Sc i .  Eng. 
R e s .  Lab., Waseda Daigaku 94, 40 (1981). 
P a o l ,  Z., E r t l ,  G . ,  and Lee, S .B . ,  Appli .  Su r f .  Sc i .  8, 231 (1981). 

15 6 


